ANDERSEN-TAWIL SYNDROME (ATS) is a rare autosomal dominant disorder characterized by clinical manifestations of periodic paralysis, long QT, ventricular arrhythmias, and multiple skeletal dysmorphic features (3, 7, 33, 36, 40, 50) . These clinical manifestations are considerably variable, suggesting that ATS is a genetically heterogeneous disease. Since its original description of genetic defects in 2001 (33) , more than 20 mutations have been identified on the KCNJ2 gene (chromosome 17q23), which encodes the ␣-subunit of the inward rectifier K ϩ (Kir2.1) channel (1, 2, 5, 6, 10, 13, 20, 33, 41) . Functional analyses have revealed that the Kir2.1 channel is present in the heart, skeletal muscle, and neural tissue (11, 19) , and most KCNJ2 gene mutations cause loss of function and dominantnegative suppression of the Kir2.1 channel, thereby abolishing or reducing the inward rectifier K ϩ channel current (I K1 ) (1, 2, 5, 6, 10, 13, 20, 33, 41) .
In patients with ATS, dizziness, syncope, cardiac arrest, and, rarely, sudden death (9, 10, 41, 50) have been reported, and ventricular arrhythmias such as frequent ventricular premature beats, ventricular tachycardia, and torsade de pointes have been documented (1-3, 5-7, 9, 10, 13, 20, 33, 36, 40, 41, 50) . Since I K1 plays a major role in setting the resting membrane potential (RMP) and in contributing to the terminal phase of cardiac repolarization (11, 19, 23, 46) , the cause of ventricular arrhythmias in ATS is generally attributed to dysfunction of the K ϩ channel Kir2.1 with resultant alteration of cardiac excitability (11, 19, 23, 46) . Nevertheless, the detailed mechanisms of ventricular arrhythmias in this clinical setting have not been clearly defined. This is further confounded by the fact that attacks of periodic paralysis can be associated with either hypo-or hyperkalemia (36, 41, 50) , both of which have been shown to be arrhythmogenic (39) . Consequently, an interplay between serum K ϩ concentrations and the extent of dysfunction of the K ϩ channel Kir2.1 is expected to affect clinical manifestations of ventricular arrhythmias in patients with ATS.
In the present study, we used a modified dynamic Luo-Rudy (LRd) simulation model of the cardiac ventricular myocyte (24, 44, 49) in an attempt to delineate potential mechanisms of ventricular arrhythmias related to various degrees of reduction of Kir2.1 K ϩ channel conductance associated with various forms (hypo-, hyper-, and normokalemic) of periodic paralysis. Furthermore, we evaluated potential effects of ␤-adrenergic stimulation on the inducibility of ventricular arrhythmias so as to identify modes of the onset of ventricular arrhythmias in patients with ATS.
METHODS
The simulation used in this study was primarily conducted with the theoretical LRd model of a mammalian ventricular action potential (24) with subsequent modifications. In this model, the action potential was mathematically reconstructed from ionic processes that were formulated on the basis of experimental data obtained mostly from the guinea pig (24) . Of importance in this formulation was a linkage between sarcolemmal Ca 2ϩ entry during the action potential upstroke and the Ca 2ϩ release process of junctional sarcoplasmic reticulum that allows relationships between the action potential time course and Ca 2ϩ homeostasis to be considered from a theoretical standpoint (24, 44, 49) . Because of the extent to which formulations of ion currents and model predictions have been validated, this model has been extensively applied for simulation studies. The program source code in the Cϩϩ format for a single LRd model cell is available from http://rudylab.wustl.edu/old.rudylab/research/cell/methodology/ cellmodels/LRd/code.htm. Numerical integration was performed with forward Euler schemes with a fixed time step of 0.002 ms.
Over the years, with advances in the understanding of cellular and molecular cardiac electrophysiology, the LRd model of cardiac ventricular myocyte has been revised repeatedly (24, 44, 49) . Observations made with this LRd model have been shown to correlate well with results of cellular electrophysiology (44, 49) . In the present study, we set the extracellular K ϩ concentration ([K ϩ ]o) at 4.5 mM and examined the effect of KCNJ2 mutations on the cardiac ventricular action potential. Various ion channel activities and parameters were analyzed. These included action potential duration (APD) at various percentages of repolarization (e.g., APD50, APD70, APD90), phase 3 repolarization rate (voltage at APD50 Ϫ voltage at APD90)/ (APD90 Ϫ APD50), RMP, Na ]NSR), and appearance of early afterdepolarizations (EADs) and delayed afterdepolarizations (DADs). The pacing was set at 1.0 Hz for 40 beats or, at times, more to see whether there was development of EADs, DADs, or an abnormal rhythm. To examine the effects of heart rate, the pacing frequency was increased or decreased to 0.5 or 2.0 Hz, respectively, and to assess influence of ␤-adrenergic stimulation (38), we arbitrarily increased ICa,L, and IKs each by 30% along with an increase in the pacing frequency from 1.0 to 2.0 Hz.
RESULTS
Effects of reduction of Kir2.1 channel conductance on APD and RMP. We reduced Kir2.1 channel conductance stepwise by 10%. During pacing at a frequency of 1.0 Hz, prolongation of the terminal phase of repolarization along with depolarization of RMP became clearly discernible at 50% reduction of Kir2.1 channel conductance (Fig. 1) . Table 1 (Fig. 1) . Continuous pacing at 1.0 Hz produced a pattern of bigeminal rhythm with either an early or a late phase 3 EAD and that of couplets with both early and late phase 3 EADs (Fig. 2) .
Before pacing, the pivotal role of the Kir2.1 channel in stabilizing RMP was evident because RMP was progressively depolarized after each stepwise reduction of channel conductance (Fig. 3) Stepwise reduction of Kir2.1 channel conductance caused a progressive decrease in its current (I K1 ) in the unclamped cells (Fig. 4) . At 50% reduction the peak amplitude of I K1 decreased from 2.55 to 1.47 A/F, and at 80% reduction it measured 0.56 A/F. After further reduction to reach 90% reduction of Kir2.1 channel conductance, it became barely visible at 0.06 A/F. Notably, because I K1 is a function of the membrane potential, the time course of this current during Fig. 1 . Responses of action potential to 10% stepwise reduction of Kir2.1 channel conductance. Note that there is gradual prolongation of the terminal repolarization phase of the action potential along with gradual depolarization (becoming less negative) of the resting membrane potential (RMP) between 50% and 80% reduction of Kir2.1 channel conductance. When reduction of conductance reaches 90%, there is marked increase in the action potential duration followed by induction of an early afterdepolarization (EAD, arrow). Pacing cycle length: 1.0 Hz. IK1, inward rectifier K ϩ channel current. ] NSR . Of these, the development of EAD was related to reactivation of the I Ca,L channel during which the I NCX channel was functioning in reverse mode (outward current) corresponding to the appearance of an EAD (Fig. 4, C and D) . Changes of I Ca,L and I NCX with EADs in bigeminy and in couplets (Fig. 2) , and during spontaneous action potentials (Fig. 3) , were also analyzed. Both early and late phase 3 EADs were also related to inward currents caused by reactivation of the I Ca,L channel rather than activation of the I NCX exchanger functioning in forward mode (not shown). Notably, the onset of spontaneous action potentials was associated with activation of the I Ca,L channel when depolarization of RMP reached Ϫ52.0 mV (activation potential), during which the voltage-dependent I Na channel was almost totally inactivated ( Fig. 5) . (1), late phase 3 EAD in bigeminy (2), and both early and late EADs in couplets (3). Fig. 3 . Development of spontaneous action potentials (abnormal automaticity) with reduction of Kir2.1 channel conductance. The RMP is gradually depolarized to Ϫ82.4 and Ϫ79.5 mV, respectively, at 70% and 80% reduction of channel conductance. Note that at 90% reduction the RMP is markedly depolarized to Ϫ52.0 mV (activation potential) in 17.7 s, at which time spontaneous action potentials with a cycle length of 753.0 ms emerge. [ (Fig. 6) . Notably, under these circumstances, the occurrence of spontaneous action potentials was also initiated by activation (inward currents) of the I Ca,L channel rather than the forward-mode I NCX exchanger (not shown).
Effects of changes in [K
Influences of simulated ␤-adrenergic stimulation. To study potential influences of ␤-adrenergic stimulation, we first observed effects of the pacing cycle length by changing it from 1.0 Hz to 0.5 and 2.0 Hz. A cycle length of 0.5 Hz prolonged APD and enhanced induction of EADs, whereas a cycle length of 2.0 Hz shorted APD and did not allow development of EADs (not shown). To simulate effects of ␤-adrenergic stimulation, we kept the pacing cycle length at 2.0 Hz and arbitrarily increased conductance of I Ca,L and I Ks channels, each by 30%. In the presence of normal Kir2.1 channel conductance, ␤-adrenergic stimulation induced DADs of small amplitude but not EADs (Fig. 7) . Although there was no induction of EADs with up to 90% reduction of Kir2.1 channel conductance, ␤-adrenergic stimulation could enhance DADs to reach the activation potential, manifesting as a triggered action potential at 30% reduction of Kir2.1 channel conductance. The intracellular event underlying DADs appeared different from that of EADs. Specifically, its onset was triggered by a transient inward current produced by the forward-mode I NCX exchanger (a role of a nonselective cation channel could not be excluded) followed by activation of I Na and I Ca,L channels (Fig. 7) .
Simulated ␤-adrenergic stimulation also facilitated onset of spontaneous action potentials. At 90% reduction of Kir2.1 channel conductance, ␤-adrenergic stimulation accelerated the onset of spontaneous action potentials with [K ϩ ] o at 4.5, 3.5, and 3.0 mM from 17.7 to 14.3, 11.4 to 8.4, and 9.2 to 6.3 s, respectively (not shown), compared with the situation when there was no intervention with ␤-adrenergic stimulation (Fig.  6 ). In addition, it was noted that ␤-adrenergic stimulation induced more EADs in both patterns of bigeminy and couplets, especially in the setting of low [ 
DISCUSSION
In this modified dynamic LRd model of cardiac ventricular myocyte, we demonstrated potential electrophysiological mechanisms underlying ventricular arrhythmias in patients with ATS: 1) development of EADs associated with APD prolongation and 2) induction of spontaneous action potentials (abnormal automaticity) due to depolarization of RMP, both of which were caused by reduction of inward rectifier K ϩ channel Kir2.1 conductance. Hypokalemia tended to facilitate both EADs and spontaneous action potentials, and, in contrast, hyperkalemia seemed to suppress both of them. ␤-Adrenergic stimulation enhanced DADs and could facilitate EADs and spontaneous action potentials, especially in the setting of both hypokalemia and reduced conductance of the Kir2.1 channel.
To date, more than 20 mutations including 2 deletions on the KCNJ2 gene have been described (1, 2, 5, 6, 9, 10, 13, 20, 33, 41, 50). Since prolongation of the QT interval was the most common individual electrocardiographic finding in KCNJ2-associated ATS patients, Tristani-Firouzi et al. (41) proposed that ATS be referred to as a form of long QT syndrome-LQT7. In patients with ATS, expression of the triad of clinical traits is highly variable. Sporadic cases do occur, and no KCNJ2 gene abnormalities can be found in ϳ40% of patients with ATS (2, 33, 41). In KCJN2 mutation carriers, the frequency of periodic paralysis is 64%, long QT 71%, ventricular arrhythmias 64%, and multiple skeletal dysmorphic features 78%. The inward rectifier K ϩ channel Kir2.1, a member of the Kir2.x subfamily, is the critical ␣-subunit of the cardiac I K1 (11, 19, 46) . Molecular studies have shown that Kir2.1 subunits coassemble to form tetrameric (homo-or heteromeric) inward rectifier K ϩ channels (21, 22, 54) in many cell types and are the major determinant of I K1 (23, 47, 48) . On the other hand, functional analyses have revealed that the majority of KCJN2 mutations causes loss of function and dominant-negative suppression of Kir2.1 channel function, leading to a loss or reduction of I K1 (1, 2, 5, 6, 9, 10, 13, 20, 33, 41) . Moreover, differential tetramerization or heteromultimerization of the mutant allele of Kir2.1 with wild-type Kir2.x (Kir2.1, Kir2.2, and Kir2.3) channels can exhibit variable extents of a dominant-negative effect between different mutants (34, 51) . These observations provide, to some extent, the molecular basis of "genotype-phenotype mismatch" as well as variable penetrance and expressivity of ATS phenotypes. To mimic a variety of clinical circumstances, accordingly, we systemically reduced conductance of the Kir2.1 channel stepwise by 10% in our study design. To study the role of I K1 in cardiac excitability, Miake et al. (28, 29) applied the technique of in vivo gene transfer in the guinea pig ventricular myocyte. They first (28) demonstrated that cells with transduced dominant-negative Kir2.1-AAA mutated gene showed ϳ80% reduction of I K1 and manifested either APD prolongation or spontaneous action potentials. Those cells showing spontaneous action potentials resembled "genuine pacemaker cells," because these cells exhibited a relatively depolarized maximal RMP (Ϫ60.7 Ϯ 2.1 mV), spontaneous initiation with a slow upstroke, and response to ␤-adrenergic stimulation. These latter findings support the notion that intrinsic pacemaker activity of adult myocytes is suppressed by I K1 (48) and suggest that this technique might have therapeutic implications. Subsequently, also by applying the gene transfer technique, Miake et al. (29) pursued a quantitative approach to achieve I K1 enhancement (overexpression) and suppression. They noted that Kir2.1 enhancement by 100% significantly shortened APD, accelerated phase 3 repolarization, and hyperpolarized RMP. In contrast, dominantnegative Kir2.1-AAA mutated gene reduced I K1 by 50 -90%; those cells with Ͻ80% reduction of I K1 exhibited APD prolongation with decelerated phase 3 repolarization and depolarization of RMP. Further reduction of I K1 (by Ͼ80%) led to development of spontaneous action potentials. Notably, of the five Kir2.1 AAA-transduced animals, three maintained sinus rhythm despite significant QT prolongation and the remaining two with more severe I K1 reduction manifested ventricular arrhythmias. In terms of changes of APD and RMP and emergence of spontaneous action potentials, the results of our simulation study were very much in line with the cellular o is maintained at 4.5 mM, ␤-adrenergic stimulation is simulated by pacing at 2.0 Hz along with increasing slowly delayed rectifying K ϩ current (IKs) and ICa,L channel conductance, each by 30%. ␤-Adrenergic stimulation (red dashed lines) prolongs action potential duration at 90% repolarization from 181.5 to 189.5 ms without affecting the RMP and induces DAD (solid arrow) after discontinuation of pacing for 19.5 s. However, with 30% reduction of Kir 2.1 channel conductance, ␤-adrenergic stimulation-induced DAD attains the excitation threshold and manifests as an action potential (blue dotted lines). Note that the initiation of DAD and the triggered action potential are related to a transient inward current (dashed arrow) generated by the INCX exchanger functioning in forward mode (a role of a nonselective cation channel cannot be excluded) followed by activation of INa and ICa,L channels. findings resulting from I K1 suppression described by Miake et al. (28, 29) .
Various simulation models (15, 30, 41) have been deployed to elucidate functional characteristics of the Kir2.1 channel. With the use of a modified LRd simulation model of cardiac ventricular myocyte, our study has extended preliminary observations made in these simulation studies. Although most of our findings are confirmatory of those obtained in cellular and in vivo animal experiments (27, 28, 29, 48) , our study provides expanded information suggestive of more detailed mechanisms of an arrhythmogenic propensity related to ATS. Specifically, with a Ն50% reduction of Kir2.1 channel conductance, prolongation of the terminal repolarization phase of APD is discernible, and with a Ͼ80% reduction, EADs become inducible and depolarization of RMP can lead to spontaneous action potentials (abnormal automaticity). These simulation results are compatible with previous observations showing that cesium chloride could block Kir channel conduction, thereby causing prolongation of cardiac APD and induction of EADs and spontaneous action potentials (14, 21) . Hypokalemia further enhances these arrhythmogenic properties, and ␤-adrenergic stimulation potentiates DADs, facilitates spontaneous action potentials, and may also enhance EADs. To some extent, these findings may explain why patients with ATS manifest various electrocardiographic phenotypes-absence of prolonged QT, QT prolongation with no arrhythmias, and prolonged QT with ventricular arrhythmias including torsade de pointes.
Furthermore, we have demonstrated that both early and late phase 3 EADs could be related to reactivation of the I Ca,L channel associated with APD prolongation (Fig. 4) , whereas DADs could be related to triggering of the forward-mode I NCX exchanger causing transient inward currents (I Ti ), albeit not excluding a possible contribution from the nonselective cation channel (Fig. 7) . Both DADs and EADs have been attributed to abnormal intracellular Ca 2ϩ homeostasis due to Ca 2ϩ overload (8, 17, 25, 32, 45) . With regard to the genesis of EADs, the underlying mechanism remains controversial (4, 25, 32, 37, 45) . A reduction of I K1 is expected to alter the rate of repolarization in the voltage range between Ϫ30 and Ϫ80 mV (30) . Normally, the membrane potential must be in the range of Ϫ40 to 0 mV to reactivate the I Ca,L window current (31); therefore, it has been suggested that late phase 3 EADs might be generated under the condition of intracellular Ca 2ϩ overload similar to that of DADs, a phenomenon being evoked by a secondary rise of [Ca 2ϩ ] i that triggers I Ti through activation of the forward-mode I NCX exchanger followed by reactivation of the I Ca,L or I Na channel (25, 32, 45) . Hence, EADs may be comprised of different types with different mechanisms, at least one being primarily caused by reactivation of the I Ca,L channel and the other by activation of the forward-mode I NCX exchanger.
[K ϩ ] o has been demonstrated to affect all K ϩ channels possessing inward rectifying properties (30, 31, 35) . This is evidenced by changes of the overall repolarization phase of APD (not limited to the terminal phase of repolarization) with a decrease or an increase in [K ϩ ] o as illustrated in our study ( (16, 50) . Further studies at the subcellular level along with testing of various classes of antiarrhythmic drugs are required to unravel detailed mechanisms underlying these phenomena.
As has been demonstrated in congenital and acquired long QT syndromes (38) , the initiation of ventricular arrhythmias may be related to the status of autonomic tone. Bradycardia, as in enhanced vagotonia, prolongs APD and the QT interval, whereas tachycardia, as in increased adrenergic tone, shortens APD and the QT interval (12, 43) . Consequently, spontaneous torsade de pointes is more likely to occur in association with bradycardia (38, 43) . Nevertheless, high adrenergic tone along with its induced sinus tachycardia enhances Ca 2ϩ entry into cardiac myocytes, resulting in an increase of Ca 2ϩ in the sarcoplasmic reticulum and its spontaneous Ca 2ϩ release (12 38, 43 ). This in turn favors induction of both EADs and DADs and their mediated triggered activity (25, 32, 45) . Furthermore, ␤-adrenergic stimulation abbreviates APD much more in the epicardium and endocardium than in the midmyocardium, which intrinsically contains less I Ks (38) . Consequently, ␤-adrenergic stimulation can markedly increase transmural dispersion of refractoriness, favoring induction of torsade de pointes. In addition, ␤-adrenergic stimulation reversibly depolarizes RMP by activating an inward Cl Ϫ current (I Cl ) or inhibiting the inwardly rectifying I K1 or both (18) and may thereby facilitate spontaneous action potentials as observed in the present study. As a result, physical activities may trigger an onset of ventricular arrhythmias in patients with ATS (1, 2, 3, 5-7, 9, 10, 13, 20, 31, 36, 40, 41, 50) . It is worthy of mention that, despite a relatively high prevalence of ventricular arrhythmias, the rare incidence of sudden cardiac death may be attributed to a lack of significant increase in transmural dispersion of repolarization induced by isolated reduction of Kir2.1 channel conductance (42) .
Thus, in light of the results of the present study, it is anticipated that ATS patients with the hypokalemic form of periodic paralysis are at a higher risk of more serious ventricular arrhythmias, especially during physical activity. From the arrhythmia standpoint, various clinical phenotypes of ATS may be deduced from observations made in the present study, and future research should be directed to risk stratification, targeted pharmacotherapy, selection of patients to receive implantable cardioverter/defibrillators, and the feasibility of corrective gene therapy at an early age.
Limitations of study. The major limitation inherent to the present study design is that no attempt was made to account for either transmural heterogeneities of APD or the homogenizing effect of electrically coupled cardiac myocytes in a threedimensional network of the myocardium. Nonetheless, observations made in the present study should provide a basis for future simulation studies aimed in these directions. We also realize that Ͼ80% reduction of Kir2.1 channel conductance may not be compatible with life. Furthermore, our study may have underestimated the arrhythmogenic effects of hyperkalemia, particularly at the tissue level. Fourth, ␤-adrenergic stimulation affects many ion channel currents (18) , making it difficult to simulate; increasing I Ca,L and I Ks each by 30% actually produces opposing effects on APD, QT interval, and genesis of EADs (4, 45) . Besides, alteration of autonomic tone is dynamic and individual sensitivity varies greatly. As a result, the effects of ␤-adrenergic stimulation may not be predictable under various clinical settings. In our study, the arbitrary application of increasing I Ca,L and I Ks each by 30% along with pacing at 2.0 Hz is understandably an oversimplification. Finally, the I Cl channel was not included in this model. Inclusion of I Cl could have affected the interpretation of the present data. 
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